The habituation of bean cells to quinclorac did not rely on cell wall modifications, contrary to what it was previously observed for the well-known cellulose biosynthesis inhibitors dichlobenil or isoxaben. The aim of the present study was to investigate whether or not the bean cells habituation to quinclorac is related to an enhancement of antioxidant activities involved in the scavenging capacity of reactive oxygen species. Treating non-habituated bean calluses with 10 μM quinclorac reduced the relative growth rate and induced a two-fold increase in lipid peroxidation. However, the exposition of quinclorac-habituated cells to a concentration of quinclorac up to 30 μM neither affected their growth rate nor increased their lipid peroxidation levels. Quinclorac-habituated calluses had significantly higher constitutive levels of three antioxidant activities (class-III peroxidase, glutathione reductase, and superoxide dismutase) than those observed in non-habituated calluses, and the treatment of habituated calluses with 30 μM quinclorac significantly increased the level of class III-peroxidase and superoxide dismutase. The results reported here indicate that the process of habituation to quinclorac in bean callus-cultured cells is related, at least partially, to the development of a stable antioxidant capacity that enables them to cope with the oxidative stress caused by quinclorac. Class-III peroxidase and superoxide dismutase activities could play a major role in the quinclorac-habituation. Changes in the antioxidant status of bean cells were stable, since the increase in the antioxidant activities were maintained in quinclorac-dehabituated cells.
Introduction
Quinclorac (3,7-dichloro-8-quinolinecarboxylic acid) is a highly selective auxin-type herbicide mainly used to control broad-leaved weeds and harmful grass weeds in rice crops and lawns (Grossmann, 2000 (Grossmann, , 2010 .
It was previously reported that quinclorac inhibits the incorporation of glucose into cellulose in a dose and time-dependent manner (Koo et al., 1996 (Koo et al., , 1997 , being regarded as a cellulose biosynthesis inhibitor (CBI) (Vaughn, 2002) . However, other works challenged the correlation of cellulose inhibition effect and quinclorac mechanism of action (Tresch and Grossmann, 2003) . In an attempt to eluci date whether quinclorac directly inhibited cellulose biosynthesis, our group proceeded to habituate bean callus-cultured cells to grow in otherwise lethal concentrations of the herbicide. In addition, modifications in cell wall composition due to the habituation process were analysed (Alonso-Simón et al., 2008) . The results obtained showed that the mechanism of bean cells habituation to quinclorac differed from that reported for well-known CBIs such as dichlobenil (Encina et al., 2001 (Encina et al., , 2002 or isoxaben (Díaz-Cacho et al., 1999) . In the dichlobenil and isoxaben-habituation processes, bean cells developed the capacity to divide and expand, with a modified cell wall in which the xyloglucan-cellulose network had been partially replaced by pectins. Quinclorac habituated cells did not show a decrease in the cellulose content, and the minor changes observed in the distribution and postdepositional modifications of homogalacturonan and rhamnogalacturonan I during the habituation process seemed to be due to a side-effect of quinclorac presence (Alonso-Simón et al., 2008) . Moreover, shortterm treatment of bean suspension-cultured cells with quinclorac concentrations that significantly reduced their dry weight gain (10 μM) did not decrease the incorporation of [ 14 C]glucose to cell wall polysaccharides; in fact, the glucose incorporation increased (García-Angulo et al., 2012) . Therefore, the mechanism of quinclorac-habituation did not seem to rely on a modification of cell wall structure and/or composition.
In some species, habituation of cell cultures to CBIs leads to an increase in antioxidant capacity. This is the case of bean cell cultures where habituation to dichlobenil is associated with high class III-per (García-Angulo et al., 2009 ). In the case of maize cells, an increased antioxidant capacity seems to take part in changes associated to the incipient dichlobenil-habituation process (Largo-Gosens et al., 2016) , however, antioxidant activities are not implicated in the long-term habituation to high dichlobenil concentrations (Mélida et al., 2010) .
In sensitive species, quinclorac induces the activity of the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) synthase, which increases the level of ACC (Grossmann and Scheltrup, 1997) . The subsequent oxidation of this compound to ethylene leads to cyanide accumulation which can interrupt electron flow in chloroplast and mitochondria leading to reactive oxygen species (ROS) overproduction (Navrot et al., 2007) and is considered to be responsible for the phytotoxic effects of quinclorac (Grossmann and Kwiatkowski, 2000; Abdallah et al., 2006) . In susceptible dicots, the response to quinclorac is related to increased abscisic acid biosynthesis, which also leads to overproduction of ROS (Van Eerd et al., 2005; Grossmann, 2010) . By transcriptomic analysis, it has been recently demonstrated that quinclorac treatment of rice plants (Orzya sativa), provoked the enhancement of several groups of genes related with drug detoxification (Xu et al., 2015) . Additionally, the induction of the expression of the gene EcGH3.1, that belongs to Gretchen Hagen 3 gene family and regulates the auxin homeostasis, has been demonstrated to play a key role in Echinochloa crus-galli resistance to quinclorac (Li et al., 2016) .
Quinclorac has been reported to induce the overproduction of ROS causing oxidative injury in several sensitive species. Sunohara and Matsumoto (2004) demonstrated the relationship between antioxidant capacity and quinclorac tolerance in several monocots. Later, same authors suggested that the cell death of a quinclorac-sensitive variety of maize may be caused by the overproduction of ROS, but not by ethylene or cyanide action (Sunohara and Matsumoto, 2008) . However, tolerant species (Oryza sativa and Eleusine indica) and resistant biotypes of susceptible species (Echinochloa spp.; Digitaria spp. and Galium spp.) neither increase ethylene and cyanide production, nor overproduce ROS in response to quinclorac treatment (Grossmann, 2000; Kwiatkowski, 1993, 2000; Van Eerd et al., 2005; Abdallah et al., 2006; Sunohara et al., 2010 Sunohara et al., , 2011 Yasuor et al., 2012) .
Given that i) bean cells habituation to quinclorac does not seem to rely on cell wall modifications; ii) bean cells habituation to other herbicide such as dichlobenil is associated with high CIII-POX activity and iii) quinclorac treatment in sensitive species provokes an overproduction of ROS, the aim of the present study was to investigate whether or not the habituation of bean cells to quinclorac is related to an enhancement of antioxidant activities involved in the scavenging capacity of reactive oxygen species. Moreover, the stability of a putative antioxidant capacity was further investigated by using quinclorac-habituated cells transferred for several subcultures in a medium lacking quinclorac (dehabituated cells).
To our knowledge, this is the first time that a quinclorac-habituated cell line has been used to investigate the role of the antioxidant machinery connected to the tolerance to quinclorac. For this purpose, CIII-POX, glutathione reductase (GR), superoxide dismutase (SOD) and catalase (CAT) activities, as well as lipid peroxidation as an indicator of oxidative damage, were measured in a set of cell lines grown on solid medium: non-habituated, habituated to different quinclorac concentrations (ranging from 10 to 30 μM), and dehabituated, as well as non-habituated cells cultured in the presence of 10 μM quinclorac and quinclorac-habituated cells treated with 30 μM quinclorac. Lastly, polyacrylamide gel electrophoresis (PAGE) to separate the peroxidase isoforms (isoPOX) of all cell lines was performed.
Materials and methods

Plant material and quinclorac habituation
Bean (Phaseolus vulgaris L.) cell lines were obtained and subcultured as described by Encina et al. (2001) on Murashige and Skoog (1962) solid basal medium supplemented with sucrose (30 g L −1 ), 10 μM 2,4-D (2,4-dichlorophenoxyacetic acid) and agar (8 g L −1 ). Quinclorac was dissolved in dimethylsulphoxide (DMSO). Nonhabituated bean cell lines (NH) were habituated by adding stepwise increments in the concentration of quinclorac to the culture medium, beginning at the I 50 value for quinclorac (10 μM) and continuing until obtaining bean calluses that were capable of growing under otherwise lethal concentrations of the herbicide (Alonso-Simón et al., 2008) . In order to account for DMSO effects, during the habituation process NH cells were supplemented with DMSO ranging from 0.1% to 0.3% (v/v). The highest DMSO concentration used in this experiment, 0.3% (v/v), did not affect the parameters determined in this study (data not shown). Habituated cells were denoted as Qn, where n indicates the quinclorac concentration in μM. In summary, NH, Q10, Q15 and Q30 cell lines were used in this study. Q30 cells were transferred to a medium lacking quinclorac for five subcultures, obtaining dehabituated (DH) cells. All different cell lines were regularly subcultured every 30 days.
A set of NH calluses was subcultured in the presence of 10 μM quinclorac for 30 days and denominated as NH+10, while sets of Q10 and Q15 calluses were subcultured in the presence of 30 μM quinclorac for 30 days, and were denominated Q10+30 and Q15+30 respectively.
Effect of quinclorac on bean callus growth
To evaluate the effect of quinclorac on callus cell growth, fresh weight (FW) gain was measured in NH, NH+10 and Q10. The relative growth rate (RGR) was determined as follows:
where FWi and FWf indicate the fresh weight of calluses at 0 and 30 days respectively. To determine the dry weight (DW), calluses were dried at 60°C for 72 h and were weighed. Data for RGR and DW/FW ratio of Q15 and Q30 were taken from Alonso-Simón et al. (2008) for comparison.
Activity assays of antioxidant enzymes and lipid peroxidation
In order to measure GR (EC 1.8.1.7), SOD (EC 1.15.1.1) and CAT (EC 1.11.1.6) activities, as well as lipid peroxidation levels, cells of all lines were collected at their exponential growth phase and stored at −80°C until use. Calluses (1 g FW) were homogenized in liquid nitrogen using a mortar and pestle and 5 mL 0.05 M Tris-HCl pH 7.5, 0.1 mM EDTA, 0.1% (v/v) Triton X-100, 10% (v/v) glycerol and 2 mM DTT were added. These extracts were centrifuged at 15,000g for 2 min and the supernatants were used for the measurements.
GR activity was determined as described by Klapheck et al. (1990) measuring the decrease in A 334 caused by NADPH oxidation during 3 min for the conversion of GSSG to GSH (ε 334 = 6.2 mM −1 cm −1 ). The reaction was performed at 25°C with 0.1 mL of super
Plant Physiology and Biochemistry xxx (2016) xxx-xxx 3 natant, 1.35 mL reaction buffer (100 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 1 mM GSSG and 3 mM MgCl 2 ) and 0.05 mL 10 mM NADPH. SOD activity was evaluated using a SOD assay kit (Sigma, Alcobendas, Spain). Briefly, SOD activity was measured as the inhibition of the formation of a colored compound which can be detected at 440 nm and activity was determined from the inhibitory curve made with different concentrations of standards of a commercial SOD (from 0.001 U/mL to 2000 U/mL). For the determination of SOD activity, 0.02 mL of sample supernatant or standard was used.
CAT activity was measured by Droillard's method (Droillard et al., 1987) , based on absorbance reduction at 240 nm due to H 2 O 2 reduction to water (ε 240 = 39.58 M −1 cm −1
). Measurements were performed during 2 min at 25°C by adding 0.1 mL of supernatant extract to 3 mL reaction buffer (50 mM phosphate buffer pH 7.0 and 37.5 mM H 2 O 2 ).
Lipid peroxidation levels were determined by measuring the concentration of thiobarbituric acid reacting substances (TBARS), using malondialdehyde (MDA), an end product of lipid peroxidation, as the reference molecule (Buege and Aust, 1978) . Aliquots of supernatant (20 μL) were mixed with 1 mL 15% (w/v) trichloroacetic acid, 0.375% thiobarbituric acid and 0.01% butylated hydroxytoluene in 0.25 M HCl. The mixture was incubated at 100°C for 15 min, then cooled to room temperature and centrifuged at 2500 g for 15 min. Absorbance at 535 nm was measured in the supernatants. Blank reactions (sample blank) were used. Lipid peroxidation levels were expressed as μM MDA per g FW calculated on the basis of a calibration curve obtained with MDA dimethyl acetal (0-10 μM, Merck, Hohenbrunn, Germany).
For CIII-POX (EC 1.11.1.7) assay, 1 g FW of bean cells from all cell lines was homogenized in liquid nitrogen using a mortar and pestle and 5 mL 0.04 M Tris-HCl pH 7.2, 1 mM EDTA-2Na-2H and 5% (v/v) glycerol were added. The homogenate was centrifuged at 15,000g for 2 min and the supernatant was used to perform the assay. CIII-POX was measured following the method described by Adam et al. (1995) , based on the increase in absorbance at 470 nm due to guaiacol oxidation (ε 470 = 26.6 mM −1 cm −1
). The reaction was performed with 3 mL reaction buffer (100 mM sodium acetate pH 5.5 and 1 mM guaiacol), 0.3 mL 1.3 mM H 2 O 2 and 0.05 mL supernatant.
Protein content was determined following the method described by Bradford (1976) .
Polyacrylamide gel electrophoresis (PAGE)
To detect peroxidase isoforms (iso-POX), supernatant of extracts obtained as indicated for the measurement of CIII-POX activities (see paragraph above) were used. Samples were concentrated using Vivaspin 500 (cutoff 5 KDa; GE Healthcare) and a final amount of 6 μg of proteins were loaded into polyacrylamide gel. Proteins were separated using a non-denaturing gel (12% acrylamide) and running denaturing conditions with Tris-glycine SDS buffer (25 mM Tris-glycine, pH 8.8, and 0.1% SDS (w/v)) at 120 V/h. Peroxidase protein spots were detected by the guaiacol-H 2 O 2 procedure as described by Mika et al. (2008) ; gels were washed with water during 5 min (×3) to remove the SDS, and were incubated with 50 mL of H 2 O 2 -guaiacol solution (1.0% guaiacol (v/v) and 0.03% H 2 O 2 (v/v) in 250 mM sodium acetate buffer pH 5.0) for 30 min until brown spots were visible. For molecular weight determination, EZ-RUN pre-stained protein marker 100 was used as external marker (Fisher Scientific, Spain).
Statistical analyses
All results are represented as the means ± s.d. of at least 3 replicates. Differences between means were statistically analysed using a Student's t-test (p < 0.05). When indicated, a one-way ANOVA analysis followed by the Tukey-test was used to compare treatments (p < 0.05). Statistics were performed with Statistica software after the data had been tested for normality.
Results
Effect of quinclorac on bean callus growth
A RGR of 1.65 was calculated for NH bean callus-cultured cells. The presence of 10 μM quinclorac (I 50 concentration, Alonso-Simón et al., 2008) in the culture medium for 30 days was found to reduce the growth of NH cells by half (Table 1) . Quinclorac-habituated (Q) cells did also show an impaired growth capacity. In average, a 64%-72% reduction of RGR was measured in Q cells when compared with NH controls (Table 1 ). The culture of Q30 cells in a medium lacking quinclorac (DH cells) for five subcultures did not rendered an increment in the RGR. No clear trends were observed when DW/FW ratios were compared between cell lines (Table 1) .
Effect of quinclorac on oxidative status and antioxidant activities
As an indicator of oxidative status, the membrane lipid peroxidation level was quantified in all cell lines by MDA formation (Fig. 1) . A Short-term treatment of NH cells with 10 μM quinclorac (NH+10) induced a significant increase in TBARS levels by more than threefold. Quinclorac habituation was associated to a steep reduction in the oxidative damage to such an extent that the level of lipid peroxidation measured in Q30 cells did not significantly differ from that in NH cell lines. A short-term treatment of quinclorac habituated cells with 30 μM quinclorac (Q10+30 and Q15+30) did not increase their lipid peroxidation level, but reduced it significantly. In the case of DH cells the lipoperoxidation level measured was slightly higher than that found in NH cells.
To determine the antioxidant capacity of quinclorac-habituated cells, GR, SOD, CAT and CIII-POX activities were determined in crude cell extracts. A short-term treatment of NH cells with 10 μM quinclorac (NH+10) induced an enhancement of CIII-POX activity. No changes in GR and SOD activities were detected (Fig. 2) .
All quinclorac-habituated cells showed a significantly increased GR activity in comparison with NH cells. Moreover, GR activity steeply increased over the course of the habituation process ( Fig. 2A) . Table 1 Relative growth rate (RGR) and final DW/FW ratio of non-habituated calluses (NH), non-habituated calluses treated with 10 μM quinclorac (NH+10), calluses habituated to 10, 15 or 30 μM quinclorac (Q10, Q15 and Q30), and dehabituated calluses (DH), Data represent average values of at least 6 replicates. Different letters indicate significant differences between cell lines by one-way ANOVA (p < 0.05). The short-term exposure of Q10 and Q15 to 30 μM quinclorac did not induce changes in GR activity when compared with their respective untreated cell lines ( Fig. 2A) . The pattern of changes in SOD and CIII-POX activities over the course of quinclorac-habituation differed from those reported for GR activity. SOD and CIII-POX antioxidant activities only differed from control cells when measured at the highest habituation level (Q30). However, Q10 and Q15 cells significantly increased both antioxidant activities ( Fig. 2B and C) upon 30 μM quinclorac treatment (Q10+30 and Q15+30). CAT activity was not detected in any cell line tested.
Quinclorac-dehabituated cells showed no significant differences in lipid peroxidation levels (Fig. 1) , and exhibited increased levels of GR, SOD and CIII-POX activities when compared with those of NH cells (Fig. 2) .
Peroxidase isoforms
To obtain further information about isoPOX, a semi-native PAGE of cell extracts was performed, followed by H 2 O 2 -guaiacol staining (Fig. 3) .
Two isoPOX (I-II) were detected in NH calluses (Fig. 3) . IsoPOX II was present in all cell lines analysed. Contrary, isoPOX I was not detected in Q10 and Q15 cells and it was again detected in Q30. Interestingly this same IsoPOX was detected when Q10 and Q15 cells were treated with 30 μM quinclorac (Q10+30 and Q15+30).
The staining intensity of the isoPOX I and II markedly increased in Q30, Q10+30 and Q15+30 when compared with NH cells.
Quinclorac-dehabituation is associated with the maintenance of a high staining intensity for isoPOX I and II.
Discussion
The exposure of plant cells to a variety of abiotic stresses such as heavy metals (Paradiso et al., 2008) , organochlorines San Miguel et al., 2012) and herbicides (Geoffroy et al., 2004; García-Angulo et al., 2009 ) often unbalances ROS production and scavenging, leading to oxidative stress (Apel and Hirt, 2004; Gill and Tuteja, 2010) . Excessive ROS production can damage cellular components such as proteins, lipids, DNA and polysaccharides, which interrupts normal metabolism (Dat et al., 2000) . The triggering of these oxygen intermediates leads to the activation of defence mechanisms in the plant cells, which consist of antioxidants, such as ascorbate and glutathione, and enzymatic antioxidant activities such as CIII-POX, CAT, SOD and the ascorbate-glutathione cycle enzymes, ascorbate peroxidase (APOX) and GR (Apel and Hirt, 2004; Passardi et al., 2005; Gill and Tuteja, 2010) . Additionally, stress-induced ROS can act as signaling molecules specifically inducing several cell and molecular responses (Miller et al., 2009 (Miller et al., , 2010 Kärkönen and Kuchitsu, 2015) .
It has been postulated that the mode of action of quinclorac differs between grasses and broad-leaved weeds (Koo et al., 1991) . However, quinclorac toxicity assays on FW gain in bean callus-cultured cells (Alonso-Simón et al., 2008; García-Angulo et al., 2012) indicated that quinclorac is active in the range of concentrations previously reported for maize seedlings, regarded as a model for quinclorac-susceptible grasses (Sunohara and Matsumoto, 2008) . Our study suggests that in the same way as a series of other sensitive species Matsumoto, 2004, 2008) , bean calluses suffer quinclorac-induced ROS formation, causing oxidative harm, since treatment of NH cells with quinclorac (NH+10) increased lipid peroxidation above the level observed in the other cell lines analysed (Fig. 1) .
The habituation of bean calluses to quinclorac is associated with an increased constitutive level of antioxidant activities (Fig. 2) . The level of the activities increased as the level of quinclorac in the culture medium rose. Thus Q30, the cell line habituated to the highest concentration of quinclorac, also had the highest level of GR, SOD and CIII-POX activities (Fig. 2) . These results were also confirmed by a higher staining intensity in both of the isoPOX separated by PAGE (Fig. 3) .
This enhancement of antioxidant capacity is associated with a steep reduction in lipid peroxidation levels to the extent that Q30 and NH cells had similar levels of oxidative damage. Results reported here point to bean cells habituated to quinclorac having developed an antioxidant strategy that allows them to cope with quinclorac-induced oxidative stress.
Despite of enhanced controlling the quinclorac-induced oxidative stress, Q cells maintain a lower growth capacity in comparison to NH cells as previously reported by our group (Alonso-Simón et al., 2008) . These results point to quinclorac affecting growth of habituated cell lines by mechanisms related neither to cell wall modification nor oxidative damage (Grossmann, 2010) .
During the habituation process, bean cultured cells have to cope with stepwise increments of quinclorac concentration added to the culture medium. In a way that mirrored the habituation procedure, Q10 and Q15 calluses where subcultured in a medium with 30 μM quinclorac for a short period of time (Q10+30 and Q15+30 cells respectively). The results showed that Q10 and Q15 cells responded to this treatment by significantly increasing CIII-POX and SOD activities, but not GR activity. In addition, upon 30 μM quinclorac short-time treatment, Q10 and Q15 cells showed a higher staining intensity for IsoPOX II, and the recovery of IsoPOX I.
These findings suggest that CIII-POX and SOD antioxidant activities play a primary role in quinclorac habituation process. Interestingly, an association between increased lipid peroxidation levels and low CIII-POX and SOD activities was found in Q10 and Q15 cells.
A short treatment of NH cells with 10 μM quinclorac (NH+10) provoked an enhancement of CIII-POX activity, but GR and SOD activities did not experienced any changes (Fig. 2) . These results strengthen the hypothesis that CIII-POX activity is especially respon One SOD unit (U) will inhibit the rate of reduction of cytochrome c by 50% in a coupled system, using xanthine and xanthine oxidase, at pH 7.8 at 25°C in a 3 ml reaction mixture (Sigma). Cell lines, asterisks and hashtag as in Fig. 1.   Fig. 3 . Semi-native PAGE of peroxidase isoforms in non-habituated, quinclorac-habituated and quinclorac-dehabitutated cells. Cell lines indicated as in Fig. 1 . Different isoPOX were indicated with italic numbers. Molecular weights of external markers are indicated at left.
sive to quinclorac-induced stress. Interestingly, same results have already been reported for bean cultured cells habituated to diclobenil (García-Angulo et al., 2009 ). According to our results, the increment in CIII-POX activity measured in NH+10 cells did not seemed to have the capacity to cope with quinclorac-induced oxidative stress, since NH+10 cells had the highest lipid peroxidation levels (Fig. 1) . Moreover, NH+10 cells had almost half RGR by comparison with NH cells (Table 1 ), indicating that quinclorac treatment provokes a reduction in NH cell growth that could be closely related to oxidative stress.
Quinclorac-dehabituated bean cells (DH) were obtained by subculturing Q30 cells in a medium lacking quinclorac for five subcultures. The most remarkable characteristics of DH calluses were: i) a growth rate similar to quinclorac-habituated cells, therefore lower to that found in NH cells (Table 1) , ii) slightly higher lipid peroxidation levels than NH cells (Fig. 1) , iii) higher antioxidant activities than NH calluses but much lower than quinclorac-habituated calluses (Fig.  2) and iv) the upkeep of the enhanced staining of the two isoPOX (Fig. 3) . These results allow us to suggest that the increase in antioxidant activities that putatively confers habituated cells with the capacity to cope with quinclorac is stable and independent of the presence of quinclorac in the culture medium. Interestingly, an acquired high POX activity has also been found in dichlobenil-dehabituated bean calluses grown in a medium lacking the inhibitor (García-Angulo et al., 2009) .
The undetectable levels of CAT activity would indicate that this enzyme does not play a role in quinclorac habituation. This finding is consistent with previous results in which no CAT activity was detected in non-habituated and dichlobenil-habituated bean cells (García-Angulo et al., 2009) . One possible explanation could be the plant material used, as heterotrophic calluses, grown under dark conditions have been reported to have a lower CAT activity than plant tissues (Kim et al., 2004) .
We have previously observed that bean calluses can be habituated to herbicides following one or more mechanisms. The habituation of bean calluses to dichlobenil was associated with a high scavenging capacity of ROS, mainly by CIII-POX activity (García-Angulo et al., 2009 ) and also with the capacity of the cells to divide and expand with a modified cell wall in which the xyloglucan-cellulose network had been partially replaced by pectins (Encina et al., 2001 (Encina et al., , 2002 . However, quinclorac-habituated bean cells have a non-modified cell wall (Alonso-Simón et al., 2008) and, as was observed in this study, this habituation seemed to be related to a high antioxidant capacity. Other herbicides have also provoked oxidative stress in plant materials other than bean cultured cells. This is case for fluroxypyr, where increasing concentrations of this herbicide caused accumulation of various ROS and at the same time reduced the shoot growth of Oryza sativa. Fluroxypyr-induced oxidative stress significantly changed SOD, CAT, APOX and POX activities. With the exception of POX activity, the rest of the antioxidant activities showed a general increase at low herbicide concentrations and a decrease at high fluroxypyr levels (Wu et al., 2010) .
In sum, based on the observations of the present study, it can be concluded that quinclorac exerts oxidative stress on bean calluses. The acquisition of a prominent antioxidant capacity against quinclorac-induced oxidative stress seems to be an important factor in habituation to quinclorac. Lastly, this adaptative antioxidant response to quinclorac remains stable in the absence of the herbicide.
Conclusions
The habituation of bean calluses to high quinclorac concentrations (30 μM) was associated with increased constitutive levels of class IIIperoxidase, glutathione reductase, and superoxide dismutase activities. These findings correlated with a reduction in the lipid peroxidation level in habituated cell lines, which was always significantly lower than that found in non-habituated cells following short-term treatment with 10 μM quinclorac. Changes in the antioxidant status of bean cells were maintained when quinclorac-habituated cells were cultured in a medium lacking quinclorac.
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